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Abstract

This work presents a detailed analysis of a three phase grid tied photovoltaic inverter with variable structure back-stepping
control approach. A nonlinear model of the system is derived and presented in rotational frame using the direct quadrature zero
transformation (DQ). For the derivation of active and reactive power loops of the inverter, nonlinear back stepping approach is used.
Moreover, sliding mode control method is used to derive the inner current loops while for the outer loop a virtual controller is
derived using the Lyapunov function. The control loops are implemented in MATLAB/Simulink environment. To test the controller
performance, active power variation, DC link voltage variation and reactive power variations are inflicted. The obtained results under
the proposed control scheme are compared with boundary layer design based sliding mode controller. From the comparative analysis

it is concluded that the proposed controller exhibit superior and robust performance under all test conditions.
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1 Introduction
Photovoltaic energy is the key power source with distinc-
tive advantages such that it is pollution free and easy in
installation. A study conducted by National Renewable
Energy Laboratory (NREL) USA in collaboration with
the USAID reported that Pakistan has a huge potential of
about 2900 giga watts from the solar energy resources [1].
According to another review [2], the annual installed
capacity of solar power around the globe is around 400GW.
In the last five years, an annual growth rate of 60 %
has been reported in the PV energy conversion systems [3].
As per the standard grid codes, power quality is an
important factor that needs to be taken care of in the inte-
gration of the inverter fed distributed generation sys-
tems. With the advancement of the power semiconductor
technology, the grid integrating topologies are becom-
ing smarter and thus the overall cost is also reduced with
the omission of bulky components. In grid tied inverter
(GTI), the power produced by PV panels is directly fed
to the transmission line through grid for distribution.
Therefore, the use of storage devices like batteries are
not required [4-6]. For photovoltaic applications, the uti-
lization of the transformerless inverters has been widely

reported in the existence literature [7, 8]. Recently by plac-
ing various industry standards, the transformerless invert-
ers have been developed in the range of kilowatt (kW).

However, the exclusion of transformer from power sys-
tem produces leakage current [9, 10]. In order to analyze the
leakage current in the grid tied inverters, several metrolo-
gies have been reported in the literature such as minimiza-
tion of leakage current using switching logic [11], common
mode filter implementation method [12], leakage current
minimization using modulation method [13] A compre-
hensive review on different transformerless inverters
has been reported in [14, 15].

Apart from the leakage current, the closed loop control
system is another important area of research. In the exis-
tent literature, several control methods have been reported
for grid tied inverters. Classical control methods such as
proportional integral (PI) and optimized PI controller have
been proposed in [16, 17]. Classical control methods are
easy design and suitable from the implementation point of
view, however these methods are not robust against the sys-
tem uncertainties and nonlinear disturbances. Apart from
classical control methods, intelligent control methods such
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as fuzzy and artificial neural network based hybrid control
schemes have been reported in [18-20]. Fuzzy and neural
network controllers are effective in a situation if the dynamic
model of the system is not known. However in case of grid
tied inverter, the nominal dynamic model of the system is
usually known. So the fuzzy and neural controllers are hard
to tune and it also takes huge computational resources when
it is implemented on the digital processors.

Model predictive controllers are easily implementable
and suitable for many practical systems. Several vari-
ants of model predictive controllers have been reported in
the literature for grid tied inverters [21-23]. Although the
model predictive controllers are very effective, however
the dynamics of the grid tied converters are coupled so
along with model predictive controllers, usually PI con-
trollers are used in the inner or outer coupled loop of
active power and DC link voltage stabilization loop. Thus
the addition of PI controllers reduces the overall effective-
ness of the model predictive controllers.

Sliding mode control system is frequently reported
in the literature and it is applied to both linear and non-
linear systems. Sliding mode control system (SMC) is
embedded as a backstepping controller using Lyapunov
function method [24].

Several control methods based on SMC are reported in
literature such as integer and fractional order controllers
for power converters [25], SMC based backstepping con-
trol method for grid tied parallel inverters [26], and clas-
sical SMC based grid tied inverter controllers in [27, 28].

Based on the above cited literature, this paper is focused
on the following.

* Analyze system model in d-q frame

» Formulate a virtual controller for DC link voltage

stabilization

e Formulate the active and reactive current/power

control loops using backstepping and sliding mode
approach.

* Compare the performance of the grid tied inverter

under the action of the proposed control and a satu-
ration function based SMC control.

The rest of the paper is organized as following: The sys-
tem model is is presented in Section 2. In Section 3 the
control system is derived. Section 4 presents the results
and discussions. Finally conclusion is made.

2 Description and modeling of grid-connected

PV systems

The block diagram and Simulink model of a grid tied three
phase inverter are shown in Figs. 1 and 2. As shown in
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Fig. 2 Simulink model

Figs. 1 and 2, the controller is realized in d-q reference
frame. Thus the measured three phase load currents are
first converted to d-q reference frame. The converted d
and g axis currents are utilized as feedback in the control
law simulations. The generated control signals from d and
q axis current control loops are converted back to three
phase system using d-g-abc transformation.

In d-g reference frame, a three phase grid tied inverter
is represented by the following mathematical equations as
shown in Eq. (1) [1].

: .

ld=0)lq+zvcud—zvgd,

o, ()
Iy =0l SVl

i 1 3.
Vc :E pin _Evgdld :

c

From Eq. (1), #, and u, represent d and g axis voltages,
I ,and iq show the d and ¢ axis currents, V_is the DC bus



voltage, C represents DC bus capacitance, L is the induc-
tance, W is the angular frequency, p, represents the input
power and Vo is the grid voltage.

3 Active, reactive currents and DC link voltage
stabilization controllers

In Section 3 the detailed formulation of active, reactive
and DC link voltage stabilization controllers is presen-
teed. The controllers are derived based on the d-g model
given in Eq. (1).

3.1 Virtual controller for DC bus voltage stabilization
In Subsection 3.1, a virtual controller is formulated that is
primarily used for DC bus voltage stabilization. This virtual
controller also serves as a reference for the d axis current
control scheme which will be derived in Subsection 3.2.
Define the error between the reference command of DC bus
voltage and the measured DC bus voltage as following:

ev = VL‘ - Vc,ref' (2)

By taking the first derivative of Eq. (2), one obtains the
following relation:

év = ‘.}c - ‘}c,rgf' (3)

A proportional integral (PI) type sliding manifold and its
first derivative is shown in Eq. (4).

S, =ce, +c.|e
.v 5%y 6I v (4)
S, =cse, +cge,.

Substituting the dynamics of the DC bus voltage from
Eq. (1) into Eq. (3), 4 yield the following expression:

: 1 3. .
Sv = CS E pin _Evgdld _vc,ref +C6ev' (5)
By letting S, = —k, sgn(S,,), the virtual control law is for-
mulated in the following form:

2 [GJEE%M&%5%+h@D
Lirer = Y Cs Cs - (6)

A4
_pin

gd

The virtual controller i, ,or SCTVES @S @ reference command

for the d axis controller scheme.

3.2 Direct-axis current controller

As discussed in the previous Subsection 3.1, the vir-
tual controller i e SCIVES as the reference command for
the d axis controller. Tracking error for d axis current is
defined as following:
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€y =iy =iy, 7

The first derivative of Eq. (7) is expressed as following:
€, = l:d - l:d,ref' ®)

A proportional integral (PI) type sliding manifold and its
first derivative is shown in Eq. (9):

Lde :cled—i-czj.ed )
S, =ce, +ce,.

Substituting the dynamics of the d axis current from Eq. (1)
into Eq. (8) and Eq. (9) yields the following expression:

. 1 1 .
Sdzcl(a) iq+Zvcud—zvgd—idﬁfj+c2ed. (10)

By letting S, . =k, sgn(S,), the d axis current control law
is formulated in the following form:

L k C . 1 :
ud=V—(—C—lsgn(Sd)—c—2ed—a)lq+zvgd+zd’mf). (11)

c 1 1

In Subsection 3.3 the q axis current controller is derived
with details.

3.3 Quadrature-axis current controller

In Subsection 3.3 the ¢ axis current controller is derived
and the stability proof is also presented. The ¢ axis current
tracking error is defined as following:

€ = iq - quEf' (12)

By taking the first derivative of Eq. (12), one obtains the
following relation:

6 =i—i . (13)

A proportional integral (PI) type sliding manifold and its
first derivative is shown in Eq. (14):

S, =¢e, +c4.|.eq

. _ (14)
S, =ce, +ce,.
Substituting the dynamics of the q axis current from Eq. (1)
into Eq. (13) and Eq. (14) yields the following expression:

: o1 :
S, =¢ (—a) i, + zvcuq - lwef] +ege,. 15)

By letting S , = —k,sgn(S,), the g axis current control law
is formulated in the following form:

L k C . :
u, :V_E_isgn(Sq)—c—“eq+a)1d+lq’rgf} (16)

c c} 3
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The terms ¢, c,, ¢, ¢,, ¢, and ¢, represent the sliding
manifold constants while &, k, and k, represent the discon-
tinuous control gains.

4 Numerical simulations, results and discussions

Matlab/Simulink is used for performing the numerical sim-
ulations of the 3 phase grid tied inverter system with the
derived controllers. The discontinuous control gains k,
k, and k, are chosen as following: k, =61, k, =1000 and
ky; =1000. The sliding manifold control gains ¢, ¢,, ¢, ¢,, ¢,
and c, are tabulated in Table 1. The DC link capacitor is
chosen as C =470uF , filter inductance is set to L =10mH

with grid frequency f = 50Hz and grid voltage V,, = 220V'.
%

An active power load of watts and maximum of 12

ampere is connected to the grid and the inverter system.

All other parameters are summarized in Table 1.

Two variants of controllers are tested. The perfor-
mance of the proposed controller is compared with the
smooth function based backstepping controllers. Two test
cases are simulated with the details given in the cases
referred as Test 1 and Test 2:

e Test 1: For test 1, the following reference commands
v. =500/, O =2200—3500 VAR.
The simulation results obtained are shown as follow-

are chosen:

ing. Figs. 3 and 4 show the active power tracking per-
formance of the system under the action of two vari-
ants of the controllers. From Fig. 4, it is clear that the
steady state error cannot be compensated by a satura-
tion function based controller, while from Fig. 4 (a),
the steady state error is very close to zero at time
t =2.57. The reactive power simulation results are

Table 1 System and control parameters

Parameter Value
Grid frequency, f S50Hz
Filter’s Inductance, L 10mH
DC link capacitor, C 470uF
Grid voltage, Vgd 220V
¢ 1
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shown in Fig. 5. From Fig 5 (b) it is very obvious that
with the chosen reference commands, the steady state
error in the reactive power loop is quite large with
saturation function based control scheme while the
proposed control scheme shows robust performance
as evident from Fig. 5 (a). Figs. 6 (a) and (b) show
the DC link voltage tracking response using the two
variants of the grid tied inverter. It is obvious from
the presented results that as we increase the width
of the boundary layer, the steady error will tend to
increase in the tracking signal. This fact is obvious
from Fig. 6 (b). The variations in 3 phase currents
and voltages are shown in Fig. 7 and Fig. 8. From the
presented results it is clear that with the change in ref-
erence command of the active power, the three phase
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current flowing to the grid also increases from 5 A
to 9 A. However the 3 phase voltages remain almost
constant. Fig. 9 shows the single phases of both the
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grid and inverter voltages. It is clear that both the
voltages are in phase and almost equal.
» Test 2: For test 2, the following reference commands

are chosen:

400V <v, <500/,0<t<4
v, =45001,4<t<6

500V =v, <400V,4<¢<10
0. =2200-3500 VAR.

The simulation results obtained are discussed below.

Figs. 10 (a) and (b) show the active power tracking with
proposed control scheme. From Fig. 10 (b) it is clear that
with the boundary layer design method, the settling time
of the tracking signal is large as compared to the results
presented in Fig. 10 (a). If the width of the boundary layer
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is further increased, then the tracking response of the con-
troller will become even worst and the steady state error
will further increase.

Fig. 11 (a) and (b) show the reactive power tracking with
the proposed control scheme and boundary layer control-
ler respectively. As shown in Fig. 11 (b), with boundary
layer method, the reactive power tracking suffers from a
large overshoot and steady state error.

Fig. 12 (a) and (b) show DC link voltage tracking per-
formance with the proposed control scheme and boundary
layer controller respectively. As shown in Fig. 12 (b), with
boundary layer method, the DC link voltage tracking suf-
fers from a large steady state error. For Test 2, the varia-
tions in 3 phase currents is shown in Fig. 13. From the pre-
sented results it is clear that with the change in reference
commands of the DC link voltage, the three phase current
flowing to the grid also increases from 1 A to 2.5 A.

5 Conclusions

This research proposes a variable structure control
based back stepping approach for a 3 phase grid tied PV
inverter. The proposed control scheme was implemented
in the MATLAB/Simulink environment and its perfor-
mance has been tested with several reference commands
for active, reactive powers and DC link voltage. The pro-
posed controller is compared with a saturation function
based sliding mode controller. From the simulation results
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it is concluded that the proposed controller offers robust
performance under all test conditions, while the saturation
function based sliding mode control exhibits low chatter-
ing with a compromise on the robustness.
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